INTRODUCTION
Combined methylmalonic acidemia (MMA) and homocystinuria occurs as an inborn error of metabolism believed to be caused by an unknown defect in cobalamin The deficiency of the processed form of cobalamin results in deficient activity of two cobalamin-dependent enzymes, methylmalonyl CoA mutase, and N5-methytetrahydrofo1ate:homocysteine methyltransferase. Patients with the coincidence of these two metabolic aberrations present with failure to thrive, developmental delay, retinopathy and, occasionally, hematologic aberrations. The disease, referred to as cblC disease based on its complementation class, is clinically variable, and prognosis has not been established.
Although more than 20 individual cases of cblC patients have been reported, no cohort of patients and their features has ever been described. Rosenblatt et al. 3 has described the clinical features of 50 patients whose samples were referred for biochemical analysis by survey of their physicians. We describe the clinical and biochemical features of eight cblC patients who were treated by the authors for an average of 5.7 years. This cohort documents the efficacy of biochemical treatment and the long-term outcome in this disorder.
METHODS
Eight patients in whom we established the diagnosis of cblC disease were referred to the Tulane Human Genetics Program from 1986 to 1997 for evaluation of failure to thrive, feeding problems, and/or seizures. The patients were followed by our program for an average of 5.7 years (1.9-10.8 years). Medical records of patients born outside of our hospital were obtained for review. Diagnosis was established by: 1) the presence of urinary methylmalonic acid assayed by gas chromatography, with mass spectroscopy analysis in later sample^;^ 2) the elevation of plasma free homocystine as determined by HPLC;4 and 3) genetic complementation studies of our patients' fibroblasts performed at McGill University (Dr. David Rosenblatt). The normal plasma free homocystine is essentially 0 nmol/ml, and the normal range for urine methylmalonic acid is 0-20 mglgm creatinine. Total plasma homocysteine values were not reported because most patients were diagnosed and treated before the establishment of that analysis. In the complementation studies, the patient's cultured fibroblasts were fused with known cobalamin complementation group fibroblasts, using polyethylene glycol, and studied for their ability to incorporate [14C] propionate into trichloroacetate-precipitable macromolecules. 3 The failure to enhance propionate metabolism in known cblC fibroblasts by fusion with the patient's fibroblasts, compared with cocultured but unfused cells, is diagnostic of cblC disease. All patients were treated with hydroxocobalamin (lmg qd IM), although two patients were initially treated with the same dose of cyanocobalamin for 6 and 85 weeks, respectively, before being switched to hydrox~cobalamin.~ A l l patients received oral carnitine supplementation (50-100 mglkgld). Two patients were treated with betaine (0.5-1 gmld) for intermittent homocystinemia. Patients were followed with clinic visits every 3-6 months and, in most cases, biochemical analysis of urine organic acids and plasma amino acids every 6-12 weeks. Carnitine studies were performed in all patients at least yearly while on carnitine supplementation. Developmental evaluations were performed by early intervention services and school programs. These evaluations determined developmental age in gross motor, fine motor, and cognitive abilities. A crude developmental quotient, defined as the developmental age/chronologic age, was used to grossly characterize the patients' development.
RESULTS
Our cohort demonstrated a relatively high incidence of congenital malformations. Table 1 documents each patient's features and developmental outcome. Two patients had congenital microcephaly (FOC < 5%ile). Another patient had dysmorphic facial features (cupid bow upper lip, bilateral epicanthal folds) and profound ligament laxity with bilateral hip dislocations. Two other patients had congenital heart disease (pulmonic stenosis, ventriculoseptal defect) not requiring treatment. One patient was noted to have a thyroglossal duct cyst, and two patients developed hydrocephalus at 7 and 8 months of age, respectively, and required ventriculoperitoneal shunting. One patient had profound visual impairment with an abnormal electroretinogram at age 6 months and no detectable visual improvement after 2 years of treatment. Two other patients had abnormal retinal pigmentation without detectable visual irnpairment. The patients were all Caucasian from southern Louisiana and many were from French Canadian background. There was no known consanguinity.
The age at diagnosis was between 1 week and 11 months, with an average age of 4.8 months. No patient presented with acute acidosis as is seen in other forms of methylmalonic acidemia. Two patients on treatment had multiple transient episodes of vomiting without MMA or acidosis. None of the patients had significant anemia.
Biochemically, all patients presented with dramatically elevated urinary methylmalonic acid and plasma free homocystine. The biochemical response to IM OHcbl treatment (six patients) is shown in Figures 1 and 2 ; treatment response of the two patients (1 and 3) initially treated with CNcbl was previously r e p~r t e d .~ OHcbl and carnitine supplementation was very effective in decreasing the MMA and homocystine in all patients.
Urinary methylmalonic acid values fell to and remained less than 150 mglgm creatinine, except during intercurrent illness when transient elevation of methylmalonic acid was seen in one patient. Urinary MMA levels rarely dropped less than 50 mg/gm creatinine. Plasma free homocystine remained less than 3 nmollml, except during intercurrent illness. Plasma carnitine was usually normal in all patients while on carnitine supplementation, but during periods of stress or noncompliance, occasional values of plasma free carnitine were undetectable.
In general, growth of height and weight was at the normal rate with occasional periods of suboptimal growth during treatment (Figures 3 and 4) . Only patient 4, who was born with normal growth parameters (height, weight, FOC), had normal postnatal growth. Three patients (1,2, and 3) fell below 5%ile for height, weight, or FOC but achieved catch-up growth into normal percentiles for all parameters after treatment; one of these patients (2) for patient 1 have been previously rep~rted.~ Severe microcephaly in patient 5 occurred after a ventriculoperitoneal shunt malformation associated with respiratory arrest. All patients had developmental delay, but the degree of involvement was highly variable (Table 1) . Most patients had global delay, but patient 2 had normal gross motor skills at 5.9 years and only mild cognitive dysfunction. Patient 4 had the best developmental outcome and is presently in regular 5th grade classes with remedial instruction. Patient 6 has profound visual impairment and this may have some direct effect upon her test results for gross motor, fine motor, and cognitive skills. Patient 8 had only mild delay before an acute adverse neurologic event (ventriculoperitoneal shunt malfunction) at 13 months that resulted in severe psychomotor retardation.
DISCUSSION
The presentation of cblC disease with combined methylmalonic acidemia and homocystinuria, although clinically variable, is unlike either isolated methylmalonic acidemia or homocystinuria. Our eight patients presented with an indolent course of poor feeding, hypotonia and, in one patient, seizures. None of our patients ever had acute acidotic crises characteristic of methylmalonyl CoA mutase deficiency, a more common cause of methylmalonic acidemia. Our patients had an unusually high incidence of congenital malformations, which is characteristic of neither methylmalonyl CoA mutase deficiency nor cystathionine synthase deficiency.
All patients in this report were developmentally delayed. The severity of developmental delay cannot be solely related to age of treatment onset because the earliest treated patient (patient 5) had one of the poorest outcomes. Our two patients with congenital microcephaly without another explanation (patients 2 and 8) suggest prenatal effects on brain development of cblC disease. Additionally, subtle intracranial malformations may have predisposed two other patients (5 and 6) to develop hydrocephalus at 7 and 8 months of age.
Biochemical control of urinary MMA and plasma free homocystine was relatively easily achieved by IM OHcbl and oral carnitine, with the adjunct of oral betaine in two patients. Significant and long-term reductions of urine MMA less than 150 mglgm creatinine and undetectable plasma free homocystine allowed improved growth in all patients. Four of eight patients had normal growth parameters at age 5 to 7 years after three had fallen below 5%ile for height, weight, and FOC. In the single patient with profound visual impairment, no clear benefit to eyesight was noted either clinically or by repeated electroretinograms after 2 years of treatment.
All patients in this report were diagnosed before 1 year of age. Unlike the patients surveyed in Rosenblatt et al.3 in which 13 of 44 early-onset patients died, none of our patients died of their biochemical aberrations. This may be partially explained by prolonged use of CNcbl or the lack of cofactor therapy in some of the patients who died in their report. cblC disease is defined biochemically and may be genetically heterogeneous. No single enzymatic deficiency has been identified to explain the deficiency of processed cobalamin that leads to the biochemical abnormalities. Recent data demonstrate reduced activity of a P-axial-ligand transferase6 and mitochondrial NADH-linked aquacobalamin reductase activity7 in cblC fibroblasts compared with controls. The possibility that mutations at distinct genetic loci may cause cblC disease will only be resolved once a candidate enzymes or gene(s) is identified.
